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In this lecture I give an introduction to technicolor and extended technicolor theories. I
discuss the issues models of dynamical electroweak symmetry breaking struggle with and
propose how non QCD-like dynamics, such as a ‘walking’ or nearly-conformal technicolor
coupling, can invalidate many conventional arguments against technicolor. I provide a short
discussion of AdS/CFT-inspired extra-dimensional (Higgsless) models and their similarities
and differences with older 4D technicolor models. To conclude, a summary of some possible
LHC signatures is given.
Introduction
Electroweak symmetry breaking is observed in nature: the weak bosons W±, Z0 are quite mas-
sive while the photon is massless. To remain consistent with gauge invariance, Lorentz invariance
and unitarity, massive gauge bosons can only come about through spontaneously broken symmetry
and the Higgs mechanism. Therefore, our electroweak theory is incomplete without some appara-
tus for spontaneous electroweak symmetry breaking (EWSB). One way to see this inconsistency
is in the scattering amplitude of longitudinally polarized massive gauge bosons. These amplitudes
violate unitarity at energy O(TeV) unless new contributions are added. Although we know spon-
taneous symmetry breaking must occur, the exact nature of its breaking is unknown. I believe this
is the most pressing question in High Energy Physics today and one that the LHC will hopefully
answer. Until we have the answer, all possibilities should be explored and their similarities and
differences fully fleshed out.
The setup of this lecture is the following: After briefly motivating extensions of the standard
model and dynamical symmetry breaking (Section I), I give an introduction to classic, rescaled-
QCD technicolor (Section II) and its extension Extended Technicolor (Section III). The hurdles
which theories of dynamical electroweak symmetry breaking face are then laid out in Section 4.
Many of these hurdles are based on the assumption that technicolor behaves just like QCD, and in
Section 5 I illustrate how one example of non QCD-like behavior – a nearly conformal or ‘walking’
technicolor coupling constant – can dramatically improve the situation. Other technicolor reviews
which cover similar information are Ref. [1, 2, 3, 4, 5, 6]. In Section 6 I investigate modeling
dynamical electroweak symmetry breaking using an extra dimension. Finally, collider signals for
two different phenomenological models of technicolor are explored at length in Section 7.
I. WHY DO WE NEED THE HIGGS?: SEPARATING FACT AND FICTION
The simplest candidate for the Higgs mechanism is a single Higgs doublet whose potential is
arranged by hand to have a minimum at non-zero vacuum expectation value. Although adequate,
the simple Higgs scalar is theoretically unsatisfying. The mass parameters in the potential are
sensitive to the highest momentum in the theory, ΛUV . In order to preserve a hierarchy between
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2ΛUV and the weak scale ΛEW , an incredible and ‘unnatural’ degree of tuning is necessary. A second
problem with the simple Higgs theory is triviality. Triviality is the statement that the cutoff of the
theory cannot be taken arbitrarily high without the theory becoming free [3, 7, 8]. Therefore the
simple Higgs doublet model must have a finite cutoff. The straightforward way to see this is to
look at the renomalization group equation for the Higgs quartic coupling.
To rectify these unsatisfactory aspects of the Higgs theory, we believe new physics is necessary.
The most advocated extension is supersymmetry, in which the naturalness problems is improved
by adding a symmetry between bosons and fermions. As a result, each standard model (SM)
particle has a superpartner with opposite statistics yet equal couplings. Supersymmetry accom-
plishes EWSB while remaining weakly coupled, making a plethora of calculations – spectrum, cross
sections, decay rates, etc. all doable. This is certainly a nice feature, but it is by no means a
requirement. Additionally, even the minimal viable model, the MSSM, leads to an improved unifi-
cation of the gauge couplings and a dark matter candidate. While these ‘free’ MSSM aspects are
theoretically interesting, they are not unique, nor are they necessary for EWSB. Moreover, funda-
mental spin-0 fields – which are a key ingredient in supersymmetry – have never been observed in
nature.
A. Dynamical Symmetry Breaking: Higgs mechanism without the Higgs
The phase transitions analogous to EWSB which have been observed happen dynamically. Two
obvious precedents are chiral symmetry breaking in QCD and superconductivity.
In QCD, in the limit of massless u, d quarks, the theory has an SU(2)L⊗SU(2)R⊗U(1)B global
symmetry, where L,R refer to rotations among the left-handed, right-handed chirality quarks. At
low energy, to a good approximation, the states fall into representations of SU(2)V – where both
left-handed and right-handed fermions feel the same rotation, rather than the full symmetry. What
has happened to the axial combination of the rotations? This symmetry is not manifest in the
spectrum, thus it must be broken. However, since the theory only consists of massless quarks and
gluons, we are forced to conclude that the symmetry is broken as a result of the strong interaction
itself. A simple way to present this, consistent with the observed symmetry-breaking pattern, is to
assume the bilinear fermion operator qLq¯R has obtained a nonzero expectation value. This is often
referred to as the fermions forming a condensate.
Dynamical symmetry breaking is also at work in superconductivity. Though the situation is quite
different – the system of interest is non-relativistic and the interactions are weak – the properties of
superconductors were explained by introducing a charge −2 composite of electrons [9]. Therefore,
as in QCD, the symmetry breaking is explained not by fundamental scalar fields, but by new
‘high-energy’ dynamics.
In addition to having precedents in nature, dynamical symmetry breaking via asymptotically
free gauge dynamics also explains large scale hierarchies. Given a UV scale and a coupling at that
high scale, an exponentially smaller scale is automatically generated – without fine tuning any
parameters! This is the mechanism of dimensional transmutation.
ΛIR ∼ ΛUV exp
( −8pi2
b0g2(ΛUV )
)
(1)
The basic goal of technicolor [10, 11] theories is to break electroweak symmetry through some
new asymptotically-free gauge interaction. We explore the basic setup in the next Section. Once
dynamical electroweak symmetry breaking has been arranged, dimensional transmutation naturally
explains why ΛEW is exponentially smaller than ΛUV . No other extension of the standard model
3can explain the gauge hierarchy as simply or as naturally! However, just as in QCD, dynamical
electroweak symmetry breaking necessarily leads us to strong coupling and incalculability.
II. CLASSIC TECHNICOLOR
Classic technicolor is heavily inspired by QCD. It was invented at a time when the heaviest
fermion was the bottom quark, whose mass of ∼ 5 GeV is much less than the weak scale.
The building blocks of technicolor are a set of massless fermions (technifermions) which feel
a new non-abelian gauge interaction (technicolor) with new force-carrying fields (technigluons).
We assume for simplicity that the technifermions are charged in the fundamental representation,
though other representations can also be used. The left-handed components of the technifermions
form electroweak doublets, while the right-handed components are electroweak singlets. Both
left-handed and right-handed technifermions carry hypercharge. These charge assignments are
summarized below:
T =
(
UL
DL
)
∈ (NTC , 2)YL
UR ∈ (NTC , 1)YU , DR ∈ (NTC , 1)YD
under (SU(NTC), SU(2)w)U(1)Y , where SU(NTC) is the technicolor strong interaction. Ignoring
electroweak interactions, the technicolor sector has a global symmetry SU(NF )L⊗SU(NF )R where
NF is the number of techniflavors.
We assume the technicolor interaction becomes strong at ∼ ΛEW , causing the formation of a
techni-condensate:
〈UU¯〉 = 〈DD¯〉 = 4piF 3T ,where 〈UU¯〉 = 2〈ULU †R〉. (2)
As the left-handed technifermions carry electroweak quantum numbers while the right-handed
technifermions do not, the formation of the techni-condensate breaks electroweak symmetry.
If we temporarily shut off the gauge couplings, the pattern of global symmetry-breaking in the
technicolor sector is SU(NF )L ⊗ SU(NF )R down to the diagonal combination SU(NF )D [84]. The
fact that the low-energy theory contains a residual (or ‘custodial’) SU(NF )D symmetry in the limit
of zero gauge couplings is extremely important. Turning on the gauge interactions, this ‘custodial’
symmetry forces the W± and Z0 masses have the correct pattern (up to loop-level electroweak
corrections):
m2W ∼
g2NF2 F
2
T
4
= m2Z cos
2 θ, (3)
where NF /2 is the number of electroweak doublet technifermions. For a technicolor theory with
more than one electroweak doublet (2 techniflavors), the symmetry-breaking produces more Gold-
stone bosons than can be eaten by the gauge bosons. These extra states are pseudoscalars and
are massless at tree level. These states are generally called techni-pions and we will return to the
interactions which give them mass shortly.
Without the ability to calculate at strong coupling, the simplest way to estimate the properties
of an EW-scale strong interaction is to scale what we know from QCD. These estimates are often
accompanied by additional scalings to account for a different number of technicolors or techniflavors
as compared to QCD. However, all these scalings are naive in that they have no first-principles
4motivation. We have already drawn the connection between the pions in QCD and the techni-
pions – including the longitudinal W±, Z of technicolor. We can extend the analogy further,
postulating spin-1 vector and axial isovector mesons ρT , aT , and isosinglets ωT . The corresponding
QCD states are the ρ, a1, and ω. In QCD the spin-1 states are narrow, making them easier to
find experimentally, however we expect technicolor would also lead to spin-0 and spin-2 states as
well. For a naive estimate the masses and widths, we simply rescale the QCD values by factors of
FT
fpi
, NTC3 and
NF
2 [5].
MρT ∼
√
3
NTC
× 2 TeV, Γ(ρT →WLWL) ∼ 500
( 3
NTC
)3/2
GeV. (4)
Given the many new states – techni-vectors, techni-pions, etc. in a technicolor model, how
will they be produced and observed at colliders like the LHC? So far we have not described any
interaction between the technicolor states and the standard model quarks and leptons, thus new
technicolor states must be produced through their interactions with gauge bosons. The simplest
mechanism, known as vector meson dominance, is shown on the left below: A SM gauge boson,
T
ρT
W/Z/γ
f
f¯
T¯
f
f¯ f¯
f
ρT
γ,W±, Z is produced from the collision of two fermions. This gauge boson feels the effects of
technifermions, thus can mix into a bound state of the technifermions, leading to an effective
ff¯ → ρT interaction. This is identical to the mechanism used to describe QCD vector meson
production in e+e− collisions. Another production mechanism, shown in the right-hand side of the
above figure, is to produce the techniresonances by the fusion of gauge bosons which have been
emitted by the colliding quarks. This mechanism is known as vector-boson fusion. Some early
technicolor phenomenology was explored in Refs. [12, 13, 14].
III. EXTENDING TECHNICOLOR
While the chiral symmetry breaking caused by technicolor provides the mechanism to give the
W±, Z0 bosons mass, the technicolor interaction alone does not provide way to give mass to the
standard model fermions. This crucial job is easily accomplished by the SM Higgs. However, to
maintain a natural explanation of the weak scale (Eq.(1)) we cannot use scalars and we must get
fermion masses using gauge dynamics alone.
The most-studied method for accomplishing this feat is known as Extended Technicolor [15].
The basic postulate of ETC is that there is a new gauge interaction – named extended technicolor –
under which both fermions and technifermions transform. Putting SM fermions and technifermions
into the same representations, a fermion can turn into a technifermion by emitting an ETC gauge
boson. Since we see no other light gauge bosons (other than the SM gauge bosons), the ETC
symmetry must be broken at some very high scale, giving the corresponding ETC gauge boson
masses of the same order of magnitude. Ideally the breaking of ETC is also done dynamically,
otherwise we have merely replaced the Higgs hierarchy problem for the ETC-hierarchy problem.
5Given the ambiguity about the structure and the severe constraints and functions ETC must fulfill,
an exact model of ETC has so far been beyond our grasp. We must be content to play with the
effective theory which results from integrating out the massive ETC bosons, leaving the full theory
for the future. This is a bit of a cop-out, but no more than is necessary in SUSY or any other
extension of the standard model.
Integrating out the massive ETC gauge bosons, we are left with a set of dimension six operators
at the ETC energy scale [6]:
g2ETC
(
αab
(T¯ γµtaT )(T¯ γµtbT )
M2ETC
∣∣∣
ETC
+βαβ
(T¯ γµtaT )(q¯γµtbq)
M2ETC
∣∣∣
ETC
+γαβ
(q¯γµtaq)(q¯γµtbq)
M2ETC
∣∣∣
ETC
)
, (5)
where ta, tb label the ETC generators, gETC is the ETC gauge coupling, and the ‘|ETC ’ indicate
that these operators are generated at the matching scale METC . The field content of the operators
indicates what role they play. The αab term contains only techni-fields and is responsible for giving
mass to the techni-pions. The βab term contains both technicolor and SM fermions, thus once Fierz
rearranged leads to:
βab
g2ETC(T¯bTb)(q¯aqa)
M2ETC
−→
(βabg2ETC〈T¯ T 〉|ETC
M2ETC
)
q¯q , (6)
and hence to quark and lepton masses. The remaining term with coefficient γab contains only SM
fields and will lead to potentially dangerous FCNC interactions.
While the techni-bilinear 〈T¯ T 〉 is fixed at the electroweak scale by GF the fermion mass estimates
above depend on its value at the ETC scale. The two techni-bilinear values are related by the
renormalization group equations (RGE). Ignoring all interactions except for the strong SU(NTC),
the RGE for 〈T¯ T 〉 is [85]:
〈T¯ T 〉 = 〈T¯ T 〉 exp
(∫ METC
ΛTC
dµ
µ
γm(µ)
)
, (7)
where γm is the anomalous dimension of 〈T¯ T 〉. As technicolor is a strongly coupled theory, we
cannot calculate this exactly, however we can get some idea by using QCD as an analogy. In
QCD and at lowest order in perturbation theory, γm ∼ O(α)  1. If these two rather drastic
approximations – QCD-like behavior and the adequacy of lowest order perturbation theory – can
be extended to technicolor, then the anomalous dimension is small and can be dropped. In that
extreme case,
〈T¯ T 〉
∣∣∣
ETC
≈ 〈T¯ T 〉
∣∣∣
TC
≡ 4piF 3T . (8)
Working with this QCD-inspired, small anomalous dimension assumption, we can plug in the
techni-condensate into the βab term to get an estimate of the SM-fermion masses it leads to:
mq,m` ∼ g
2
ETC
M2ETC
〈T¯ T 〉|ETC ∼ g
2
ETC
M2ETC
(4piF 3T ). (9)
IV. OBSTACLES TO OVERCOME
Flavor-Changing Neutral Currents (FCNC)
Even at its inception it was recognized that ETC would be tightly constrained by flavor-changing
neutral currents (FCNC) [15]. These FCNC come from the γab terms of (5), and are most stringently
6constrained by ∆S = 2 interactions in the Kaon system. The ETC-mediated effective interaction
which contributes to ∆S = 2 is [5]:
g2ETCθ
2
sd
M2ETC
(s¯Γµd)(s¯Γµd) + h.c.,
where Γµ is some Dirac matrix structure, and the quark flavors s, d have been selected by the ETC
generators. We have included a mixing angle θds which is presumably O(1). The K − K¯ mass
difference is constrained to be ∆mK < 3.5 × 10−12 MeV, which we can turn into a constraint on
the ETC interactions [5]:
METC
gETC
√
Re(θ2ds)
≥ 1.3× 103 TeV. (10)
The constraints on the imaginary part of the K− K¯ mass difference, K are tighter by three orders
of magnitude, implying [5]
METC
gETC
√
Im(θ2ds)
≥ 1.6× 104 TeV. (11)
Using ETC-scale parameters which pass the FCNC constraints, the resulting quark and lepton
masses are forced to be very small,
mq,ml ∼ 0.1 MeV(
NF
2
)3/2|θds|2 . (12)
Unless we are willing to fine-tune the mixing angles, O(GeV) quark are masses difficult to achieve,
and the top mass looks impossible.
Technicolor and Precision Electroweak
While FCNC are a problem of ETC and not of fundamental technicolor, that does not make
technicolor problem-free. Technifermions, by definition and necessity, communicate with the EW
gauge bosons. The properties of the electroweak sector have been measured to extreme accuracy
at experiments such as LEP and SLD and thus the a priori strong contributions to electroweak
observables are tightly constrained [16, 17]. Assuming the contributions of new physics are felt
Wµν Bµν
FIG. 1: A typical technicolor contribution to precision electroweak quantities. The blob represents an
incalculable quagmire of technifermions and technigluons.
only in the EW gauge sector – an assumption which is certainly valid up to ETC scale effects in
classic technicolor – all deviations in the EW sector from tree level SM can be parameterized in
7terms of three quantities called S, T, and U. Precision measurements, taken together, restrict the
allowed region of S,T, and U.
Deviations from SM tree level values come from two sources: loop level SM effects and tree-level
new physics effects. The former contain divergences which are cut off by the Higgs mass, while the
latter do not. However, to constrain new physics, one typically subtracts the SM-loop contribution
from the extracted value of S,T,U. To maintain a finite observable the new physics contribution
must inherit a piece which depends on the Higgs mass – whatever is necessary to cancel the SM loop
part. Unfortunately, this often-confusing procedure results in an odd, residual scale dependence in
the new physics contribution.
As we are unable to calculate the blobs in figure (1), we must make some assumption. The
assumption made in the classic paper by Peskin and Takeuchi [16] is that the vector and axial
current correlation functions which define S are each saturated by a single, narrow resonance.
Rescaling with colors and flavors, the result is:
S = −4pi d
dq2
(
ΠV V (q2)−ΠAA(q2)
)
|q2=0
single resonance : STC = 4pi
(
1 +
M2ρT
MaT
) F 2T
M2ρT
∼= 0.25NC
3
NF
2
, (13)
where MρT (MaT ) is the mass of the first vector (axial) techni-resonance. This value is difficult to
reconcile with the current PEW best fit: S = −0.10 ± 0.10 [18] (setting reference Higgs mass to
117 GeV – the limits are more negative if we increase the reference scale). QCD-like technicolor,
especially with large values for NC (large NF too, though this is a subtler issue as we will see in the
next section) appear to be ruled out. However, there is no first-principles reason why the current
correlation functions in all strongly coupled theories are dominated by a single resonance. Such
saturation does happen in QCD, but there is no reason to believe it is generic.
V. NON QCD-LIKE TECHNICOLOR DYNAMICS: WALKING TECHNICOLOR
A common assumption in the last section was that the technicolor dynamics could be adequately
represented by rescaling QCD. While QCD is a useful (and our only full) probe of strong dynamics,
there is no reason to believe it is typical. However, playing devil’s advocate, one may ask: what
argument is there that a strongly coupled theory can be very different from QCD? Consider changing
the number of flavors in QCD. At 2 or 3 flavors we have QCD as we know it, however by looking
at the first terms in the beta function we get the sense that this QCD-like behavior cannot persist
for all NF . Setting NC = 3:
β(αT ) = −2β0α
2
T
4pi
− 2β1 α
3
T
(4pi)2
+ · · · (14)
for fundamentals : β0 = 11− 43
NF
2
, β1 = 102− 383 NF . (15)
Eventually, at NF ≈ 16, the β0 coefficient becomes negative indicating a loss of asymptotic freedom.
A non-asymptotically free theory is not what we want for technicolor, however at intermediate
values of NF the theory may have drastically different properties than in 2 or 3 flavor QCD. For
example, at NF ∼ 12, one can balance the β0 and β1 terms, leading to a zero in the beta function to
order α4T . The value of αT where this vanishing occurs, α
∗
T is known as an interacting fixed point,
since a vanishing beta function means α∗T stays nearly fixed over wide range of scales [86]. This
8behavior is clearly distinct from a QCD-like beta function. While the complete details of a theory
with slowly running, yet strong coupling are, so far, incalculable, rescaling QCD is not necessarily
a good approximation. Attempts to study the behavior of gauge theories with different numbers
of fermion flavors using lattice techniques, are currently underway [19, 20, 21, 22, 23]. The idea of
a slowly evolving technicolor coupling is known as Walking Technicolor [24, 25, 26]. In the next
section we work out some of the ramifications of a walking coupling on the low-energy theory.
Walking and FCNC:
The entire line of logic that lead to the FCNC problem started with the assumption that the
anomalous dimension of the technifermion condensate was small, O(αTC) in analogy with QCD.
Relaxing this assumption, we can ask what happens if the anomalous dimension is large, order 1.
In that case, the condensate at the ETC scale, the scale relevant for determine fermion masses, is
not the same as the TC scale condensate.
〈T¯ T 〉ETC = 〈T¯ T 〉TC exp
(∫ METC
ΛTC
dµ
µ
(1 +O(αT )
)
∼ 〈T¯ T 〉TCMETCΛTC , (16)
thus mq,m` <∼
g2ETC
M2ETC
(4piF 3T )
(METC
ΛTC
)
∼ O(few GeV) . (17)
While this result isn’t perfect, second generation fermion masses and possibly the b mass now look
tractable. The tecnipion masses, caused by the αab term of Eq.(5) are also enhanced by walking,
mpiT ∼
gETC〈T¯ T 〉TC
FTΛTC
. (18)
One consequence of enhanced techni-pion masses which we will visit later is that the decays of
technivector mesons to techni-pions, ρT → piTpiT , etc. may be kinematically closed.
While the enhancement one gets from a large anomalous dimension definitely eases the tension
between FCNC and reasonable quark masses, how does one actually calculate the anomalous di-
mension in a strongly coupled theory? One technique employed early on to calculate the anomalous
dimension in walking TC theories is the rainbow approximation of the Schwinger-Dyson equation
(SDE) for the technifermion propagator [27, 28, 29]. The SDE are equations of motion for oper-
ators and extend beyond perturbation theory. However, to get a simple expression, typically one
truncates the perturbation expansion at lowest order, while simultaneously neglecting the effects
of the technicolor interaction on the technigluon propagator. With these assumptions, one indeed
finds the anomalous dimension for the technifermion bilinear to be large.
γm,SDE = 1−
√
1− 3C2(r)α(µ)
pi
→ 1 as α(µ)→ pi
3C2(r)
≡ αc, (19)
where αc is interpreted as the critical coupling necessary for chiral symmetry breakdown. This
expression does reduce to the conventional form at small coupling, however the assumptions involved
are severe. Attempts to improve the SDE analysis, both analytically and numerically have been
attempted, with some evidence that the lowest order analysis is stable [30, 31, 32]. While the
exact value of the anomalous dimension in Eq. (19) may be debatable, it is clear that large
anomalous dimensions are possible in strongly coupled theories and can significantly improve the
FCNC situation.
9Walking and the S parameter
The effects of walking on the precision electroweak parameters are more speculative. At the
very least, the QCD-based assumptions must be scrapped and we have to resign ourselves to the
incalculability of generic strong interactions [33]. Said another way, the saturation of the correlation
functions involved in S,T,U is unjustified – one may expect a large, slowly varying coupling to result
in a whole tower of (closely spaced) resonances, all contributing to low-energy observables.
There has been some evidence that the near-conformal behavior of walking technicolor can also
lead to a naturally reduced S-parameter [32, 34, 35, 36]. The primary argument is that near-
conformal behavior is accompanied by a near parity doubling of the resonance spectrum. Thus
the techni-rho and techni-aT are nearly degenerate, as are their higher resonances. Simply from
the definition of S (Eq. (IV)), one can see that a degenerate spectrum leads to small deviations in
the SM electroweak sector [87]. The arguments for a degenerate resonance spectrum are based on
numerical SDE results and by simple models of the effect of intermediate energy scales on S.
Walking and the top mass
Based on SDE calculations, the maximum anomalous dimension a fermion bilinear can attain
is γm = 1. However, even with maximal enhancement from walking, the large top quark mass is
impossible to achieve with ETC scales consistent with Eq. (10, 11). In order to accommodate the
top mass, additional ingredients must be added to technicolor (this is why, in my opinion, it is the
biggest problem with technicolor theories). Several mechanisms have been suggested to ameliorate
this problem:
• Tumbling [37, 38] technicolor theories: This idea suggests that there are different ETC scales
for each generation: Λi for generation i, with Λ1  Λ2  Λ3. By separating the scales,
we can keep Λ1 consistent with Eq.(10, 11), while lowering Λ3 enough to generate realistic
top masses. Unfortunately, it is difficult to build models which achieve multiple scales using
gauge dynamics alone [39, 40].
• Topcolor-Assisted technicolor [41]: Another mechanism to enhance the top mass is to give
the third generation separate, stronger SU(3)2 and U(1)2 gauge interactions. The SU(3)2
(and U(1)2) of the third generation and the SU(3)1, (U(1)1) of the light generations are
spontaneously broken at a scale ∼ 5 TeV down to conventional color SU(3) and hypercharge,
leaving an octet of massive colored gauge bosons and a massive Z ′. The heavy gauge bosons
couple strongly to the third generation. If the coupling is strong enough, the dimension 6
four-fermion operator generated by heavy gauge boson exchange can cause a dynamical mass
to form. The formalism which demonstrates the formation of a dynamical mass resums the
four-fermion interactions to all orders, and is due to Nambu and Jona-Lasinio [42, 43]. The
exchange of the extra U(1) gauge boson is arranged to be attractive for the top quark but
repulsive for the bottom quark – so we get an enhanced top mass without a large bottom
mass. This usually requires either a strong U(1)2 coupling, leading to a Landau pole below
the ETC scale, or an extreme tuning in the coupling of the third generation’s SU(3) coupling.
• Larger anomalous dimension: The limit γ <∼ 1 is purely a result of the SDE approach.
Forgetting this approximation, the actual limit on the anomalous dimension comes from
unitarity and is γ <∼ 2. Depending on the other ETC parameters, anomalous dimensions of
γ ∼ 1.5 are sufficient to generate the top mass with a consistent ETC scale, so perhaps the
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SDE is just an insufficient tool. Models aimed at γ > 1 have been proposed, under the name
‘Strong ETC’ [44], or, more recently, Conformal Technicolor [45].
Walking at low NC with different fermion representations
In the above efforts in walking technicolor, we have focused on keeping the fermions in the
fundamental representation while increasing their number. This is not the only approach. In fact,
a whole interesting class of models have recently been constructed which utilize a small SU(NTC)
technicolor gauge group, and a small number of technifermions in a large technicolor representa-
tion [46, 47, 48, 49]. These theories have a minimal value of the perturbative S parameter, which
can be reduced either by walking dynamics (see above) or by contributions from a new ‘lepton’
doublet. Depending on the NTC and NF , the existence of such ‘leptons’ is necessary to cancel
the global SU(2)w Witten anomaly, however the hierarchy between the lepton and neutrino within
the additional doublet necessary for a negative S is left as a requirement of the ETC theory. For
phenomenological studies see Ref. [50]. Within this class of theories there has been considerable
effort to map the conformal window – the ranges of NF , NC for various technifermion representa-
tions where the theory is believed to exhibit walking behavior [51, 52]. There are also lattice efforts
underway using different fermion representations [20, 53].
VI. NEW TOOLS FOR TECHNICOLOR: EXTRA-DIMENSIONAL MODELS
While walking technicolor offers a potential escape from FCNC and precision electroweak con-
straints, many results are simply incalculable. While incalculable models are difficult to rule out,
they have fairly limited predictive power.
Recently much progress has been made describing strongly coupled gauge theories in d dimen-
sions by using weakly coupled ‘dual’ gravity theories in d + 1 dimensions. This duality has been
most rigorously proven between specific supersymmetric conformal 4D theory and a particular
string theory sitting in an 5d AdS background. This duality, known as AdS/CFT [54, 55], has
inspired a new effort in modelling strong dynamics based on using weakly coupled 5D models. The
general thinking is that we don’t necessarily need a complete duality to gain some new insight;
perhaps the symmetry pattern and separation of scales present in AdS is sufficient to gain some
insight into the behavior of important operators like 〈T¯ T 〉.
The starting point for an AdS model of strong interactions is a slice of AdS space: an interval
in the fifth coordinate, z between two branes. The geometry in the interval is
ds2 =
`20
z2
(ηµνdxµdxν − dz2), z ∈ (`0, `1) (20)
Without the presence of the branes, this geometry is invariant under scalings in z. Interpreting
the fifth dimension as the energy/renormalization scale, the 5D model describes a theory which is
scale invariant between two momentum scales, ΛUV = 1`0 and ΛIR =
1
`1
. The UV scale is the cutoff
of the theory, while the IR scale is where conformal invariance is spontaneously broken. The AdS
geometry alone models the 4D near conformality, but we also need to include chiral symmetry. This
is done by including gauge fields in the bulk of AdS; to model a 4D theory with SU(2)L ⊗ SU(2)R
chiral symmetry we introduce SU(2)L ⊗ SU(2)R 5D gauge fields propagating in the interval [88].
The strength of the 5D interactions is set by the 5D gauge coupling g5. To model chiral symmetry
breaking we can include a bulk scalar field – a 5D Higgs – which interacts with the gauge fields
and has a nonzero vev. By choosing the bulk Higgs couplings correctly, when the Higgs breaks
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chiral symmetry (down to SU(2)V ) it also breaks electroweak symmetry in the observed pattern.
In the 4D interpretation, the bulk Higgs corresponds to the 〈T¯ T 〉 condensate. Alternatively, it
is possible to break chiral and electroweak symmetry in these models using boundary conditions
alone. Models without a bulk Higgs are known as ‘Higgsless’ models [56, 57, 58].
The next step in the 5D model is to reduce it to a 4D theory. This is done by the usual technique
of KK decomposition, i.e. by writing each 5D field as a sum over 4D fields times a profile in the
fifth dimension. The profiles are solved for using the classical equations of motion accompanied by
boundary conditions (which are necessary since we are working in a finite extra dimension). By
restricting to classical EOM, we are making the assumption that the theory is weakly coupled and
that quantum effects O(g25) are negligible. A small 5D couplings corresponds to a 4D theory with
a large number of colors (large-NC).
With the profiles determined, the fifth dimension can be integrated over and we are left with a
series of 4D fields. Within each KK tower, all fields have the same quantum numbers but different
5D profiles and thus different mass. The lightest fields – known as ‘zero-modes’ – are interpreted
as the SM gauge fields W±, Z, γ. The subsequent replicas of the SM fields are now the resonances
of the strongly interacting theory.
Using a 5D description we have modeled a strongly interaction theory, yet the observables we
get at the end are different than what we get from 4D models. In a 4D model, we know the
microscopic degrees of freedom – the technifermion lagrangian – but we know nothing about the
resonance masses or interactions. In 5D the opposite is true; we have the masses and the couplings
of the resonances, but the only clues we have about the fundamental theory are the chiral symmetry
and large-NC [89].
With the resonance masses and couplings determined, we can calculate observables like S.
Unfortunately, in the simplest AdS-5D models we find S is large and positive [57, 59, 60]. By
examining the spectrum, we can get some idea as to why, after all this 5D work, we are back to
square one. The spectrum – the mass ordering of different parity excitations of the simplest AdS
models is very similar to QCD, and the correlation functions involved in S are indeed dominated
by the lowest resonances. While it is certainly a useful tool, 5D modeling needs to be extended
beyond simple AdS in order to provide useful insight into phenomenologically viable technicolor.
VII. TECHNICOLOR PHENOMENOLOGY IN THE LHC ERA
As we have seen, model building for strongly coupled models of EWSB is extremely difficult. The
simplest approaches, either based on QCD-rescaling or 5D-AdS models do not yield viable mod-
els. In order to proceed, phenomenologists have adopted a new approach of effective lagrangians.
Rather than attempt to write a complete high-energy theory, instead write down a consistent set
of interesting interactions, imposing phenomenological constraints to limit the number and size of
interactions. In the next section we explore two example phenomenological technicolor models and
their LHC signals.
Low-Scale Technicolor
To have consistent fermion masses without excessive FCNC, technicolor must be a walking
theory, and therefore we need a lot of technimatter (matter drives the β0 coefficient to smaller
values). This technimatter can either be many fermions in the fundamental representation, or
technifermions in multiple representations. Because each technidoublet contributes to the effective
12
EWSB scale (Eq. (3)), there is a relation between the FT scale of each technifermion and v =
246 GeV. For NF technifermions in the same representation, the relation is v2 = NF 2T . If the
technifermions are in multiple represenstations the relation is generalized to v2 =
∑
iNiF
2
T,i, where
we sum over all represenatations [90]. In either case, lots of technimatter implies a small FT scale.
The class of walking theories which contains a low scale are known as Low-Scale Technicolor (LSTC)
scenarios.
In a Low-Scale Technicolor scenario the resonances associated with the low scale will be light
∼ O(200 − 500 GeV). Assuming these resonances can be treated in isolation (that is, without
considering the other resonances in the theory), the couplings of the low-scale resonances to fermions
and gauge bosons are suppressed by the ratio of Fi scales and the ratio of masses,
gffρT ∼ gffW
F1
v
mW
MρT
. (21)
This allows light resonances without violating direct detection bounds from LEP and the Tevatron.
Additionally, lots of technimatter implies a large chiral symmetry in LSTC models and therefore
a lot of techni-pions. These techni-pions can interact with the SM gauge bosons, fermions, and
the TC resonances. Because of walking effects, the techni-pion mass is enhanced relative to the
spin-1 techni-mesons (ρT , aT ). As a result, decay modes like ρT → pi+T pi−T , aT → 3piT are likely
to be closed and the resonances are forced to decay into SM gauge bosons. The couplings to SM
gauge bosons are small (see Eq. (21), therefore the TC resonances in this scenario are strikingly
narrow, Γρ ∼ O(.5 GeV) [61]. The final assumption of LSTC is that the ρT and aT are nearly
degenerate [62]. This assumption is based on the idea, as explained in section (V) that the S
parameter is reduced in walking theories due to spectrum degeneracy.
The simplest and most explored LSTC scenario, known as the technicolor ‘straw-man’ model
postulates O(9) doublets, so FT ∼ v3 . Several Tevatron studies of the ‘straw-man’ model have
been performed in the past, focusing on the modes pp¯ → ρT → piTW [63, 64, 65, 66, 67]. Due
to the excessive t¯t background ρT → piTW is impossible at the LHC. Instead, the best modes for
discovery are ρT →WZ → 3`+ν, aT → γW → `νγ and ωT → γZ → ``γ. These decay modes have
multiple photons and leptons, thus milder backgrounds and better mass resolution. The discovery
potential in these three modes at the LHC was investigated recently in Ref. [68]. The signals are
striking – all of these resonances could be discovered within the first few fb−1 of LHC running.
Resonance searches in the modes 3` + ν, `νγ, and ``γ have received little attention, partially
because they have no SUSY analogue. In the MSSM one could imagine searches for H± in the
3` + ν, or `νγ channels, however, the H±W±Z, H±γW± interactions vanish at tree level in the
MSSM (or in any other two-Higgs doublet model).
Holographic Technicolor
Until recently, all modern technicolor collider studies were done in the LSTC context [91]. While
these are important studies, it is also important to explore other effective theories and frameworks
of EW-scale strong interactions.
To study a wider array of technicolor models and access phenomenology not present in the
LSTC, a variant of the Higgsless setup, known as Holographic Technicolor (HTC) was developed
in Ref. [69, 70] . The setup of HTC is identical to the Higgsless setup reviewed in section (VI), but
with one important difference – the assumption that all bulk fields feel the same 5D geometry has
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FIG. 2: LSTC signal plus SM background in the WZ,Wγ, and Zγ
channels. The signal in each channel is dominated by a single resonance: ρT in WZ, aT in Wγ and ωT in
Zγ. These resonances could be discovered within the first few fb−1 of LHC running. The neutrino
momentum in the WZ and Wγ channels is reconstructed by the reqiurement that M(p`+pν) = MW . The
details of the analysis leading to these plots can be found in Ref. [68].
been dropped. Instead, HTC assumes a more general action
L = − 1
g25
∫
d5x ωV (z)(FV,NMFNMV ) + ωA(z)(FA,NMF
NM
A ) (22)
ωV,A(z) =
`0
z
exp oV,A
( z
`1
)4
, oV,A <∼ 0
The extra parameters in HTC relative to traditional Higgsless are the geometry parameters oV,A.
Nonzero values for these parameters indicate a deviation from AdS in the IR which grows stronger
with increasing z. The exact power of 4 is unimportant; a different power of z can be compensated
with a different oV,A and will lead to the same physics. In practice ωV 6= ωA allows us to dial the
properties of the axial resonances independently of the vector resonances. This is not possible in
LSTC, where a techni-parity symmetry is assumed. Actually, assuming a techni-parity symmetry
is artificial since the electroweak interactions automatically break parity. By divorcing vector from
axial, we can study a much wider subset of technicolor scenarios. A few benchmark scenarios
which focused on MρT ∼= MaT for precision electroweak considerations [69], were studied in [71, 72].
The key difference between Ref. [71, 72] and LSTC is that both the ρT and aT can couple to
WZ,Wγ, resulting in the distinct two-peak feature seen below. In LSTC, the aTWZ and ρTWZ
couplings are suppressed by techniparity. More complicated processes, such as vector boson fusion
pp → W/Z + jj, which probes the resonance effects on unitarizing gauge boson scattering, and
associated production pp → W ∗ → W/Z + ρT have also been studied. These processes, which
involve more final state particles and elaborate cuts to remove SM backgrounds, often require high
luminosity (100− 300 fb−1) for discovery.
VIII. CONCLUSIONS
The goal of the LHC is to unravel the mechanism behind electroweak symmetry breaking. We
should be open to all options and not just those with pretty, but irrelevant aspects. Technicolor
is the only completely natural solution to the gauge hierarchy problem, however it involves strong
coupling. I view this as an interesting, compelling challenge rather than a deterrent. There is, as yet,
no evidence for Technicolor. However, as with supersymmetry or most other schemes for beyond
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FIG. 3: Possible resonance signals in the WZ channel (left two figures), or Wγ channel (rightmost figure)
generated within the HTC framework. By dialing the geometry parameters oV , oA we recreate a scenario
where both the two lightest charged resonance KK states couple to WZ or Wγ, leading to the striking
two-peak feature. For the details of the parameter choices in these plots see Ref. [71]
the SM physics – technicolor cannot be ruled out. To ameliorate the severe flavor constraints,
modern technicolor is believed to have a walking (nearly conformal) coupling over a wide range of
energies. This departure from familiar strong interactions makes model building challenging, and
phenomenologists have turned to effective theories for collider studies. While not fundamental,
phenomenological models of strong interactions describe a host of striking features which are well
within the grasp of the LHC.
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